In this paper we assess the irrigation water use in the Danube Basin, highlight its complexity, identify future challenges and show the relevance for a basin-wide integrative irrigation management plan as part of a more holistic and coherent resource policy. In this sense, we base our integrative regional assessments of the water-food-energy nexus on insights from an extensive review and scientific synthesis of the Danube Basin and region, experimental field studies on irrigation and agricultural water consumption, current irrigation related policies and strategies in most of the Danube countries, and regulatory frameworks on resources at European Union level. We show that a basin-wide integrative approach to water use calls for the evaluation of resource use trade-offs, resonates with the need for transdisciplinary research in addressing nexus challenges and supports integrative resource management policies within which irrigation water use represents an inherent part. In this respect, we propose a transdisciplinary research framework on sustainable irrigation water use in the Danube Basin. The findings were summarized into four interconnected problem areas in the Danube Basin, which directly or indirectly relate to irrigation strategies and resource policies: prospective water scarcity and Danube water connectedness, agricultural droughts, present and future level of potential yields, and science based proactive decision-making.
INTRODUCTION
Irrigation is by far the largest user of blue water regionally and worldwide (Foley et al., 2011; FAO, 2012) . It represents an important technological measure in agricultural production to compensate for a shortage of rainfall during the growing season. This shortage can be structural and physiological whenever there is permanently not enough rainfall to produce yields and it can be temporal with irrigation used episodically for drought mitigation. Irrigation also represents an economic leverage point for farmers to increase yield in environments with natural water stress. These aspects and the fact that irrigation water leaves the system through the atmosphere and cannot be reused make irrigation central to sustainable water resources management. It also calls for widening the term irrigation management from the narrow technical understanding of the management of irrigation systems towards a river basin approach, which includes issues like optimized allocation of irrigation within a basin, balancing blue water demand and availability as well as upstream-downstream benefit sharing.
Considered from a systemic point of view, irrigation adds complexity to the water-food-energy nexus because irrigation converts comparatively large amounts of blue into green water, which links food production to regional blue water availability. The use of blue water also makes irrigation, and thereby food production, an upstream-downstream issue and creates the strongest spatial interdependencies of all waterfood-energy nexus factors. Water connects different geographical regions and transfer valuable energy and water resources from upstream to downstream. As a consequence, water management cannot solely be local. In order to warrant sustainability and maximize welfare of all participants in a watershed, it should be explored ways to identify the most beneficial, efficient and equitable use of the common resource. Furthermore, climate change directly influences irrigation regimes through changes in blue water demand and potential agricultural yields (Molden et al., 2010; Porter et al., 2014) . Regional blue water availability might also significantly change, thereby putting pressure on the regional balance in the use of a basin's land and water resources (Rosenzweig et al., 2014; Iglesias and Garrote, 2015) .
Irrigation plays a central role in achieving water, food (and more broadly land) and energy related Sustainable Development Goals (UN, 2015) . They are not only strongly interlinked with each other but are also strongly connected with social and economic Sustainable Development Goals (Nilsson et al., 2016) . There is no doubt that each goal is meaningful by itself in achieving sustainable development. Nevertheless, today the ways towards reaching them are not operationalized in terms of management and verification. The central scientific and operational challenge in achieving the Sustainable Development Goals until 2030 is how to align the pathways towards reaching each one of them in ways that amplify each other.
The above mentioned aspects are relevant particularly in the context of doubling global agricultural production until 2050, in order to satisfy the demand of a growing and wealthier world population (FAO, 2012) . Agricultural production depends on climate and on natural resources of which, land and water are the most important. Rainfall, which hits the land surface is stored in the soils and thereby makes land and water interconnected and partly interchangeable. Access to more rainfall can be granted to agriculture by expanding the cropland area in non-cultivated places. Rainfall can also be used more efficiently on today's cropland through improved agricultural management practices. Finally, blue water can be added to the rainfall through irrigation to improve water availability to the crops. Since suitable cropland is limited and since most of it is already in use, expansion of cropland area is not considered feasible and sustainable to raise agricultural production (Zabel et al., 2014) . This is supported by the need to protect natural habitats and biodiversity. The most promising way to satisfy future demands is to increase input efficiency in crop production.
Gains in water use efficiency (i.e. reducing the amount of water that is needed to produce a kilogram of yield) both in rain-fed and irrigated agriculture, therefore, represent the main pathway towards satisfying future food demands (Mueller et al., 2012; Brauman et al., 2013) , including overcoming environmental and economic impacts of unsustainable water use.
Closing the gap between current agricultural production and future demand, therefore, calls for an intensification that is sustainable (Godfray and Garnett, 2014; Mauser et al., 2015) . Since the level of intensification that is still sustainable is not easy to define and since this level can vary from field to field only rough estimates exist today on the gap between current yields and a possible sustainable increase in yield. This has been summarized for different countries by Bruinsma (2009) and is shown in Fig. 1 . Fig. 1 shows the difference between the actual (in blue) and the agro-ecologically attainable yield (in red) for wheat. Negative red columns mean that the actual yields are already above the ecologically attainable level, positive red columns mean that reserves exist for sustainable intensification. Three countries in Fig. 1 are part of the Danube Basin: Germany, Hungary and Romania. Whereas in Germany the current yield levels Fig. 1 Difference between actual and agro-ecologically attainable yield for wheat in selected countries, where VS stands for 'very suitable' land for crop production potential (i.e. the attainable yield is 80 to 100 percent of the maximum constrained-free yield); S is 'suitable' land (i.e. 60-80%); MS means 'moderately suitable' land (i.e. 40-60%) (from Bruinsma, 2009 ). The agro-ecological zone (AEZ) defines a standardized methodological framework for the characterization of climate, soil and terrain conditions relevant to agricultural production (Fisher et al., 2012 (Fisher et al., , 2002 are beyond the ecological limit, Hungary and Romania still hold reserves of 100% and more for sustainable intensification in rain-fed and irrigated agriculture. This makes it worthwhile to thoroughly examine the Danube Basin for hot-spots for land use change, intensification and increase in water use efficiency. These aspects call for exploring and developing basin-wide, coordinated and adaptable management approaches which ensure the most beneficial, sustainable and equitable use of blue and green water resources, specifically for irrigation. Spatial and sectoral alignment of the water, food and (renewable) energy management is, therefore, the key for adaptive, sustainable and integrated irrigation schemes, which create both downstream and upstream welfare effects.
How does this translate to river basins within large political entities like the European Union? The EU constituted on the subsidiarity principle and the idea of solving each problem at the institutional scale at which it can be solved in the most appropriate and effective way. How does the idea of managing irrigation in the nexus sense relate to the subsidiarity principle in a situation when the administrative boundaries in a river basin are largely national or provincial and, therefore, do not coincide with the river basin or sub-basin boundaries? How could upstream-downstream benefit sharing from coordinated, basin-wide and adaptive irrigation management be envisioned in such a situation?
The scope of this article is thus to provide a scientific and policy documented source of information for a co-design research approach in which academia and stakeholders concur with plans for sustainable irrigation water use in view of integrative resource management in the Danube Basin.
STUDY AREA: THE DANUBE BASIN
We chose the Danube Basin to assess the current situation of irrigation and its potential future role as an exemplary case study to show the current knowns and unknowns on the way towards a coordinated, basin-wide and adaptive future irrigation management. The Danube Basin is the largest river basin in the EU (i.e. it covers 801 463 km 2 and hosts about 81 million inhabitants) and the world's most international river basin, being shared by 19 countries.
The diverse natural conditions throughout the Danube Basin impose different shares of croplands in the landscape (Fig. 2) , favoring or limiting irrigation application decisions where necessary. As such, the relief characteristics in the Upper Danube Basin, till the Morava River, favor cropping activities in the plains and low hills of the Bavarian Depression in Germany and in the intramountain plain, on the long rounded hills and in the high piedmont plains at the bottom of the Alps of the Vienna Basin. In the Middle Danube Basin, specifically in the Pannonian Depression, the agricultural activities are favored by the presence of fertile soils covered by loess, particularly in the large Pannonian Plain in Hungary (i.e. the Middle Danube Plain) which extends in Romania, Serbia, Croatia and Slovakia as well (Loczy et al., 2012) . In the Lower Danube Basin which extends in Romania and Bulgaria, one of the most extensive agricultural regions of high productivity potential is the Romanian Plain, including the Danube alluvial plain (52 600 km 2 ). It has large areas of fertile soils of Chernozem type and a high diversity of ecological conditions (e.g. tabular plains covered by loess, piedmont plains, terraces plains, low subsidence areas, Danube terraces which in the western part are covered by sand dunes, etc.) (Romanian Geography V, 2005) . In Bulgaria, the relief of the Moesian Plain, including the Danube alluvial plain, turns from flat and hilly in the western part to hilly-plateau toward east. The region is crossed by valleys with high depth phreatic layers, rendering rather difficult conditions for irrigation (Stefanov, 2002) .
Rainfall decreases from West to East, from about 700-900 mm to about 400-300 mm. This leads to structural deficits in rainwater availability for agriculture in the Pannonian and, even more markedly, in the Romanian plains. These large and fertile downstream areas of the Danube Basin can improve from irrigation to increase yields by reducing or mitigating water stress in summer and by increasing resilience against droughts, which will most likely be more frequent in a future climate. Large irrigation systems had been installed during communist times (i.e. 1960 -1980s) , proving the necessity for irrigation in these regions. They largely turned inoperative, particularly in Romania, during the transition period towards market economy (i.e. 1990s), while a possible relaunch would open up opportunities to establish new sustainable irrigation schemes in large parts of the basin. Governance schemes are in place on the EU (Framework Directives), the basin (International Commission for the Protection of the Danube River -ICPDR; Danube Strategy) and on the national, province and county level to manage the water, food, (renewable) energy and land resources. We assume that these multiscale governance schemes contain large untapped potentials for alignment and spatial interconnection.
Climate change is an important driving force that affects nexus resources and induces strong spatial differences within the Danube Basin (ICPDR, 2013; Mauser et al., 2018) . Temperature increase, variation in rainfall amounts and their changing distribution patterns are expected to cause significant modifications in the hydrological regimes of the Danube sub-basins, resulting in more frequent periods of severe low flow conditions and decreasing summer discharges in the Upper Danube (Mauser and Hank, 2008; Mauser and Prasch, 2016 ) and more frequent, longer and intense drought periods in the Lower Danube (CLAVIER, 2009). Such impacts are likely to affect the water balance of the entire basin and the sub-basins and lead to increasing stress on the water resources, which further result in impacts on actual evapotranspiration and increase of irrigation water demand, while decrease the flow in rivers which are main sources for irrigation (Pistocchi et al., 2015; . At the same time climate change and elevated CO2 concentrations will strongly affect the agricultural yield potentials in the basin. On the one hand climate change will generally decrease water availability on the other hand however, increasing CO2 levels will improve water use efficiency for most agricultural crops. The net effects on yields can be very diverse regionally and the potentials are not known yet in detail. Most likely, the land use and irrigation regimes in the Danube Basin will be strongly influenced.
In view of the above-mentioned arguments, the Danube Basin is ideally suited for our study because it offers a complex web of (historical) regional needs for irrigation, climate gradients and climate change, multiscale institutional settings, different farming practices in the Danube countries, and different economic development dynamics.
IRRIGATION AND WATER-FOOD-ENERGY NEXUS IN THE DANUBE BASIN
Insights on irrigation sector in the Danube countries in relation to water-food-energy nexus were derived from profiled literature referring to topics such as: agricultural drought and management, water use efficiency, water scarcity, virtual water, and climate change implications on water resources. Furthermore, we documented the European Union's and national existing regulations, norms and future development plans with respect to water management, including irrigation water use. These aspects are described in the section below.
EU/Danube Basin interdisciplinary research projects
European Commission (EC) signals that water scarcity and drought have become growing challenges for many parts of Europe over the last decades, generating increasing costs and damages and potentially leading to changes in irrigation water regimes, particularly in the Lower Danube (EC, 2009 (EC, , 2012 Pistocchi et al., 2015) . Water scarcity, drought, desertification and climate change impacts and the associated risks in Europe, including Danube countries, have been assessed over the last decade in a number of EU interdisciplinary projects (e.g. CC-WARE, CLAVIER, SEE-RISK, RE-CARE, IMPACT2C, MACSUR, DROUGHT R & SPI) funded by EU-FP6, EU-FP7, ERDF or Cohesion Funds. Broadly, this research covers drought risk management topics, with a focus on impact assessments on cropping systems and farmers in most drought-affected regions of Europe (GWP CEE, 2015; MACSUR, 2017; Siebert et al., 2017) , as well as on characteristic drought indices representation under current and climate change conditions (Blauhut et al., 2016) .
The latest projects funded through the Interreg Danube Transnational Programmme (i.e. Interreg DTP, a funding instrument targeting the Danube Region in particular), e.g. DriDanube DTP, whose objective is the assessment of drought related risks in the Danube Basin, and CAMARO-D DTP, with a focus on the assessment of land use impacts on water regimes in the Danube River Basin, serve as examples of investigating optimum options of land and water integrative management through several case-studies.
Moreover, the growing signals of water scarcity, which is prospective in the case of the Danube Basin under climate change (Pistocchi et al., 2015; ICPDR, 2015; Bisselink et al., 2018) , suggest a stronger emphasis on the international or regional trade of food and products in the context of virtual water (i.e. the green and blue water used in producing the commodity) concept. For example, the Danube Basin could shift from a net virtual water importer into a net exporter under particular dietary scenarios considering only the case of the agricultural products (Vanham and Bidoglio, 2014) .
A number of European database structures (e. g. EURO-CORDEX and predecessors, CarpatClim, EC EUROSTAT and EC Joint Research Center portals) provide domain parameters such as climate variables and impact climatic indices, as well as comprehensive environmental and socio-economic indicators. Worth mentioning the FAO AQUASTAT dataset which offers statistics and gridded data at 5 minutes grid-cell resolution (about 10 x 10 km2 near the equator) on irrigated areas and areas equipped for irrigation (Döll and Siebert, 2000; FAO Aquastat, 2013) . However, the need for accurate monitoring of irrigated areas in Europe with the support of the Global Monitoring for Environment and Security Programme (GMES/COPERNICUS) and its fleet of remote sensing satellites is expressed by European Commission's aims towards achieving water use efficiency (EC, 2012) .
Scientific information at regional and national level
The contextual literature on irrigation has been informing on the particularities of the irrigation sector in the Danube countries, particularly in the Lower Danube where irrigation has a long tradition. While the syntheses on irrigation remain valuable sources of information in terms of past developments of the agricultural infrastructure, crop suitability and environmental impacts in irrigated areas (Grumeza and Kleps, 2005; Bárek et al., 2009 ), the local case-studies provide details on the conditions and parameters of various agricultural regions for optimum irrigation schemes, such as timing, watering norms, water use efficiency in irrigated vs. rain-fed conditions, etc. The results of numerous empirical studies and field experiment applications concerning irrigation water use for most common crops under various local conditions in the Danube Basin are found in the annual series and communications published in the journals and bulletins of specialized institutions, such as the National Research Institute of Agriculture in Romania, the Agricultural Faculties (e.g. Scientific Papers. Series A. Agronomy, 2012 -2017) or the Slovak Agricultural University (e.g. Acta horticulturae et regiotecturae).
However, only few landscape scale studies in the Danube Basin provide evidence on the influence of the changing climate conditions on water resources and agricultural productivity, and in the context of increasing demands for food, water and bioenergy. For instance, GLOWA-Danube project represents an example of integrative assessment of the regional effects of climate change in the Upper Danube. It is based on an integrative decision support system (i.e. DANUBIA) consisting of various natural based and social science based sub models which allow the design and assessment of complex scenarios for future development, envisaging impacts on water resources (Mauser and Prasch 2016) . Likewise, the ICPDR case study on Tisza River Basin, in the Middle Danube region, stresses the importance of integrated management of water and land resources due to the impacts of agriculture resulted from water abstractions and nitrate pollution (ICPDR 2012). Moreover, the ICPDR Report (2017) on the 2015 drought points out that agriculture was by far the most affected sector and in areas with periodical irrigation, such as the Marchfeld in Austria, water demand was significantly above the longterm average. The Report concluded that water scarcity is likely to increase in the Danube Basin, drought will be one of the future priorities in water management, better data monitoring for agricultural water withdrawals and, enhanced dialogue between the water and the agricultural stakeholders are needed.
EU/Danube Basin regulatory frameworks
The regulatory framework for the Danube Basin management has been constantly developed since the Danube River Protection Convention was signed in 1994 in Sofia (BG) by the riparian countries. Focusing in the beginning on the quality of the water and environmental protection, it evolved, up to present, toward the integrative management framework of ICPDR. The latest river basins management plans in the Danube Basin represent a common effort of the Danube countries to work on and respond to integrated land and water management requirements, considering future water demands and climatic conditions (ICPDR, 2015) .
The Water Framework Directive (WFD) in particular targets long term actions such as protection of waters so as to achieve a qualitatively and quantitatively good status of all waters in Europe, including efficiency of water use, adequacy of agricultural practices and coordinated water-pricing policies. Likewise, certain EU's Common Agricultural Policy (CAP) subsidies are contingent on meeting the objectives in WFD through Cross Compliance and agri-environmental measures with the purpose of decreasing the agricultural pressures caused by water abstractions and hydromorphological changes, thus enhancing the synergies between water and agricultural policies (EEA, 2012) . At the same time, CAP aims at ensuring food security, climate adaptation, a competitive and dynamic farming sector and green economy by supporting the economic growth while preventing environmental risks (EC, 2010) . It is acknowledged that sustainable agricultural measures can support water management through sustainable farming practices. More efficient water saving irrigation techniques will have to be developed and applied along with sustainable regulatory actions envisioning water use with special attention to water demand to prevent or effectively respond to water scarcity challenges (ICPDR, 2015) .
Although the principles of the European water and land use policies are meaningful, their implementation throughout all member states (including Danube countries) is a complex and difficult process. It relates to integrative management of resources and active transboundary cooperation in the context of sharing resources among countries. Such aspects are not straightforward, but marked by complex trade-offs among sectors or risks induced by market mechanisms which usually are oriented towards achieving greater profits, or by regional particularities (e.g. economic evolution pathways, cultural legacy, governance structures, etc.) which may make particular legislation problematic for one country but suitable for another. Nevertheless, achieving cross-sectoral and cross-scale cooperation for an integrative and sustainable resource management is dependent on the political will, stakeholder commitment and working institutional arrangements to manage resource nexus issues (Hoff, 2011; Allouche et al., 2015) .
National regulations and development strategies for irrigation in the Danube Basin countries
This section synthesizes the main aspects regarding irrigation management and irrigation future development plans in the Danube countries where irrigation has been playing an important role for agriculture and represents central issue for climate change adaptation and mitigation strategies (Table 1) .
DISCUSSION ON THE CHALLENGES TO IRRIGATION WATER USE IN THE DANUBE BASIN

Irrigation in the reported data on water use
Reported data, where available, on water use in the Danube countries were analyzed in order to get an overview on the level of water demands in the basin, as well as on the possible gaps in data monitoring for sustainable irrigation management.
The shares of surface water abstractions from the Danube River Basin relative to the total surface water abstractions in each country highlight those countries dependent on Danube's water resources given their largest extent in the basin, i.e. Hungary, Romania, Slovak Republic, Serbia (Table 2 ). However, Danube Basin's surface waters are used according to each country's level of water resource availability, demand and supply endowment facility, ultimately depending on the environmental conditions and the socioeconomic development of the country.
Table 1 Schematic information on irrigation regulatory designs and perspectives in the Danube basin' s countries
Country Current situation (brief note) Regulatory instruments for irrigation Development perspectives
Germany DE is relatively rich in water resources. Recent experience in irrigation due to increasing drought spells.
Permits are needed to allow for the abstraction of an allotted volume of water for irrigation (Germany´s Federal Water Act).
No specific development plans for the German part of the Danube (i.e. Baden-Württemberg and Bavaria). However, the federal states make use of the subsidizing options to a very varied degree (Bosch & Partner GmbH, 2014) .
Czech Republic
The actual use of the irrigation systems accounts for about 25-30% of the area equipped with irrigation which is of 160 000 ha, i.e. 3.65% of agricultural land (Trnka et al., 2016) .
Irrigation water is used on the basis of permits for water abstraction; payments are applied for abstractions larger than 6 000 m 3 /year or 500 m 3 /month.
The rehabilitation of the existing infrastructure and development of new systems are envisaged in view of future increased areas affected by precipitation deficits due to climate change (Trnka et al., 2016) .
Slovakia
Initially covering 321 000 ha (~20% of arable land), the operational systems nowadays can cover 72 565 ha (Hydromeliorácie, š.p. Report, 2016) .
The Ministry of the Environment has introduced a fee with the lowest possible impact for irrigation water consumption (Act no. 303/2016).
An increase of the irrigated area to 892 000 ha, or at minimum to 700 000 ha, is required in order to prevent climate change effects (Koncepcia, 2014 To minimize the effects of drought, it is expected that the irrigation area could increase to about 180 000 ha, although there is a great uncertainty about the required water quantities abstracted for irrigation (ICPDR, 2012) .
Republic of Serbia
Transient waters are sources for water abstraction for irrigation; the irrigation systems cover a relatively small area of cultivated land (i.e. 105 000 ha out of 2 016 716 ha of arable land) (MAEP, 2015a).
Water permits are issued for land owners or suppliers of irrigation water for a certain amount of abstracted water. Farmers pay half of the tariffs set out for the irrigation.
The irrigation area is going to increase to 350 000 ha by the end of 2030 through rehabilitation of the existing systems and construction of new infrastructures, along with nonstructural measures (e.g. knowledge transfer, consultancy for farmers, etc.) (MAEP, 2015a).
Romania
It benefits from a large experience in irrigation. During 70s-80s, an extensive irrigation system was installed, i.e. ~ 3 million ha out of 9 389 200 ha (INS, 2015) . In the recent past (2009 -2016) about 600 000 ha totals the land that could be irrigated (AFIR, 2017).
A yearly subscription for an allotted volume of irrigation water was available until recent to farmers (Law no. 138/ 2004 , amended by Law no. 158/ 2016 . Presently, the costs for irrigation water (i.e. the costs of water and energy for pumping) are totally subsidized (Law no. 133 / 2017).
The National Programme for the Rehabilitation of the Primary Irrigation Infrastructure of the Ministry of Agriculture and Rural Development (MADR, 2016) stipulates that 2 006 941 ha are going to be suitable for irrigation by 2020.
Bulgaria
Built during the 60s -70s to cover about 740 000 ha (Velikov, 2013) , the irrigation systems serve today only between 4% and 8% of the irrigable area, i.e. 541 779 ha (Ministry of Agriculture and Food, 2017).
Permits to abstract an allotted volume of water for irrigation issued according to the Water Act's conditions for water availability and sustainable use. The price for the irrigation water delivery service is determined annually by the Minister of Agriculture and Food (Decree No 16/20.01.2017) .
The Strategy for the management and development of the hydraulic network and protection from harmful effects of water aims to increase the actual irrigated area by 2030 to 316 580 ha (Ministry of Agriculture and Food, 2016).
Romania stands out as the largest consumer of fresh surface water for irrigation among the Danube countries, considering only the Danube River Basin resources. However, this aspect is not reflected by the yield levels (e.g. in Romania maize achieves a yield of 4 t/ha as compared to 7.4 t/ha in HU; EUROSTAT, 2017) . This is related to inefficient irrigation water use due to aspects such as low technical capacity of the exiting irrigation infrastructure, lack of cooperation between the water suppliers and farmers resulting in improper timing and norms of irrigation application, etc. (MADR, 2011) . In essence, the extensive irrigation systems are characteristic for the large agricultural areas in the Middle and Lower Danube Basin, e.g. Hungary and Romania, where the infrastructure has been planned for large scale irrigation application. The climatic scenarios studies show increasing intensity and frequency of droughts particularly for Central and Eastern Europe (CLAVIER, 2009), thus requiring a careful allocation of water resources specifically in this part of the basin.
The data shown in Table 2 gives a first overview on the currently available knowledge on the diversity of irrigation in the Danube River Basin. It conveys two clear and important messages: 1) although all countries extract irrigation water from the common Danube water resources, data is largely available only on the national level, no comprehensive and homogeneous data set is available on the irrigation in the Danube Basin, 2) the reported data is strictly based on registered values of water that is metered for irrigation. It contains no information on how much of this irrigation water is productively used for the purpose to increase yields. From a water-food nexus perspective this aspect is bound to create confusion on how much water is actually consumed by irrigation at a certain location and on how much of the extracted water, which is metered, can in principle be used further downstream because it is not leaving the system. Fig. 3 shows the irrigation water pathway from a resource nexus point of view. Water for irrigation must be extracted from a river or a groundwater aquifer and is Table 2 Volumes of fresh surface water abstraction from the Danube River Basin by country, total and by sectors, in million m 3 , and as percentage of the country's total fresh surface water abstraction, in brackets. The percentages in the square brackets represent the fresh surface water abstraction from the Danube River Basin relative to the renewable freshwater resources existing in the respective country. Source of data: EUROSTAT, http://ec.europa.eu/eurostat/data/database; the data for most of the countries are averaged around the year 2011. The countries were considered based irrigation application relevance for the respective country (see Table 1 ) and on data availability, e.g. no EUROSTAT data for fresh surface water abstraction were available for Austria. Fig. 3 Irrigation water pathway in the context of resource nexus usually transferred to the point of use through open canals. The losses occur in the form of evaporation from the open water surfaces and leaks from the canals. These two losses are distinctly different from a nexus point of view. Whereas the water that leaks from the canals stays in the watershed and can in principle be harvested from the groundwater at a downstream location and is therefore not lost to the system, the evaporated water from the open waterbodies leaves the basin as part of the atmospheric circulation and is therefore lost for any alternative use in the basin. The water that is transported on the irrigated fields is metered and serves the basis for the statistics. On the fields, again, access water leaks to the groundwater and stays in the system, whereas (unproductive) evaporation from the ground and wetted leaves exits the system without effect on plant growth. Only the water that transpires through the plants, although it is lost to the system, has the desired irrigation effect to support plant growth. Inefficient irrigation water use therefore has two aspects: 1) the unproductive evaporation of water, which leaves the system, 2) the unproductive leakage of irrigation water into the groundwater; here the water stays in the system. Clearly from a water-food nexus point of view both pathways have to be minimized. Nevertheless, there is a fundamental difference between the two pathways, both in the consequences to the system and in the measures necessary to minimize the pathways. This is particularly important when water use issues involve shared waters. Therefore, the first pathway (i.e. unproductive evaporation) unnecessarily destroys water resources upstream and deprives the downstream users of water resources that would in principle be available. The second pathway (i.e. unproductive leakage) usually diverts water from surface to groundwater storage and leaves opportunities open for the downstream users. Unfortunately, these pathways are not reflected in the metered irrigation water use. This prevents a regulatory and governance framework which can adequately balance water availability and allocation of water to irrigation upstream and downstream and among different countries.
Danube
Framing a transdisciplinary research in the support of a basin-wide irrigation management plan
The tendency in the irrigation sector in the Danube countries is to increase the irrigated area and to offer legislative and financial support for encouraging the use of the already existing irrigation infrastructure and for the development of new systems. In Romania, for instance, increasing the irrigated area from about 0.5 million ha that can be irrigated today to almost 2 million ha by 2020 is an ambitious objective which aims to boost agricultural activities and production, contributing also to climate change adaptation and rural communities' resilience. In Bavaria, although it is not allotted a certain area for irrigation, the expected increase in water withdrawals for irrigation in the context of climate change is already an issue on the decision makers' agenda. Under these circumstances, central questions have to be addressed:  If all Middle and Lower Danube countries implement their plans to expand irrigation, can water availability sustainably meet the created demands?

Where in the upstream-downstream context will hot spots of water shortage be created? 
What will be the impact of climate change in altering the availability-demand relation in the Danube Basin?  What role must advance irrigation monitoring systems, which are able to distinguish inefficient irrigation water pathways, and advanced irrigation technologies play to ensure sustainable irrigation and upstream-downstream benefit sharing?  What governance concepts, including irrigation water pricing strategies, are effective and efficient in reaching the goal of maximizing the societal benefit of irrigation water for the whole Danube Basin?
Moreover, the paper highlighted a series of issues related to irrigation in the Danube Basin, such as: no basin-wide irrigation assessment is available for the Danube; the statistics express the irrigation water that is metered and not the water that is actually consumed to produce food; the EU legislation with respect to water and land resources, although profoundly integrative in character, is still difficult to be implemented in all Danube countries, raising complex resource trade-offs issues; irrigated agriculture in the Danube countries is significantly subsidized, fact that might further enlarge the economic and development disparities in the Danube Basin, although such measures are welcome by farmers; and, climate change impacts on irrigation are only known with a large degree of uncertainty.
Increased irrigation, profitable agriculture and climate change are common issues for all Danube countries. In this context, the question how Danube countries can solve irrigation and drought problems in a sustainable way is a transdisciplinary research endeavor as much as it is a cooperation and governance challenge, dealing particularly with the synergies and trade-offs of water for agriculture, hydropower, navigation and domestic use. To this end, the implications of water abstraction for irrigation in the Upper Danube countries on the availability of water resources for the downstream countries represent a research question that holds multiple cross-sectoral consequences (Mauser, 2017) . This is connected to the topic of changing virtual water flows within the Danube Basin, being subject to scenario assessment in order to identify the optimal economic and social resolutions for all Danube countries (Vanham and Bidoglio, 2014) . Collaborative efforts between academia and various stakeholders at different level in co-designing this type of knowledge is part of a solutionoriented research which goes beyond complex models, systemic and interdisciplinary problems to englobe in the research process developmental objectives, norms and visions which altogether aim at producing legitimate knowledge and guidance for intervention strategies (Mauser et al., 2013) .
Considering the above-mentioned considerations on irrigation in the Danube Basin, we identified 6 interconnected themes for evaluating irrigation water use at a basin scale which could form an integrated research framework (Fig. 4) . These are summarized below. 1) a basin-wide monitoring system that reflects the amount of irrigation water that is actually consumed by the cultivated crops as well as the additional amount of water needed to combat soil moisture deficits. The novel, basin-wide monitoring system can roughly be based on a combination of crop growth modeling and remote sensing time series taken from the available COPERNICUS satellites, in which the observed growth patterns on irrigated and non-irrigated fields are compared with simulations of plant growth and yield, from which real irrigation water consumption is determined by considering available rainfall; 2) climate change impact assessments on Danube Basin water resources highlighting potential regional hotspots of water shortages and its consequences for irrigation. This part is based on extensive basin-wide simulations of crop growth under current climate and future climate scenarios including CO2 fertilization effects and determines the spatiotemporal distribution additional irrigation water demand; 3) the co-design (with relevant stakeholders) of scenarios of future development alternatives and their simulation in order to explore, in a transparent way, feedbacks (positive and negative) among national water policies / management decisions in agriculture (including irrigation), energy, industry, public use and ecosystem protection, with a special emphasis on exploring the mechanisms of upstream-downstream benefit sharing; 4) based on the scenario analysis, the trade-offs of decision alternatives are identified for sustainable water uses based on an active cooperation between stakeholders at different governance levels and academia; 5) derivation of science-based services for basin-wide irrigation management; 6) dissemination of scientific outcomes for informed decision-making at national and regional levels.
The above "Danube Irrigation Nexus Research Framework" relies on sophisticated new monitoring and simulation tools using the available COPERNICUS satellite data streams and smart environmental models. Nevertheless, at its core is the co-creation of knowledge on sustainable basin-wide irrigation water management, which is based on an intensive stakeholder cooperation process, which ensures that the practical benefits of a basin-wide nexus approach become transparent to the decision makers and the knowledge is created with the applicability of the results in mind.
CONCLUSIONS
The results of our regulatory mapping and literature review exercise for irrigation water use in the Danube Basin shed light on what is known on irrigation and its future in the basin. It shows the contributions of EU regulations, strategic plans and visions to resource management, including climate change effects on water resources, and the characteristics and conditions of the national regulatory frameworks related to irrigation application in the Danube countries. The challenges of the irrigation sector in the context of future developments and the implications for water-food-energy nexus are derived, ultimately leading to a proposed transdisciplinary research framework supporting a basin-wide irrigation management plan.
The scientific interdisciplinary projects form a rich heritage of data and conceptual and analytical outcomes proving substantial scientific support to base European resource policies and/or aid countries enabling regulation change towards resource sustainability. However, many of them deal with the impacts on resources by subsystems (e.g. drought and agriculture, water and land use, or energy and water), being difficult to trace the entire Fig. 4 Outline of the "Danube Irrigation Nexus Research Framework" for co-producing scientific knowledge for a basin-wide sustainable irrigation management plan chain of synergies and trade-offs within water-foodenergy nexus due to the complex interlinkages between the resources. The research projects do not explicitly approach the issue of irrigation in the Danube basin by considering basin's water availability and resources nexus issues and the trade-offs among them. Instruments such as allocation of important national and European structural funds for the rehabilitation of the existing infrastructures, governance and institutional (re)arrangements to ensure irrigation management and support of investments in on-farm irrigation systems were implemented. This is specific for Romania, a Lower Danube country with large irrigation application potential and need. In the Upper Danube, irrigation increased particularly as a response to changing climatic conditions. According to the future irrigation development plans, the irrigated areas are expected to increase throughout the Danube countries, the largest areas being located in the Middle and Lower Danube, affecting, therefore, the water balance of the entire Danube Basin.
The scientific information reflects several key points, highlighting the need for increased trans-national understanding of irrigation issues and implications for water resources management at Danube Basin level. Foremost, there is growing evidence that Central and Eastern Europe, particularly Lower Danube, is increasingly affected by droughts which under current development trajectories and climate change impacts will inevitably lead to water scarcity problems. Water scarcity, which means using more water than naturally renewable, is a driving force of long-term economic damages (ICPDR, 2015) . Moreover, the impact of agricultural drought (i.e. insufficient soil moisture) on crop yields losses is not sufficient investigated to support agricultural sustainable practices, climate change adaptation and integrated resources management. Heavy precipitation events and impacts on yield losses and soil are also priorities in some Danube agricultural areas. At the same time, large agricultural areas in the Danube Basin (e.g. Romania, Hungary) benefit from arable land whose production potentials need to be accurately quantified to be sustainably exploited in view of both future climatic conditions and socioeconomic development pathways. Integrative outcomes regarding water consumption and agricultural production and active collaborations between academia and stakeholders for a better use of the available scientific knowledge for proactive decision-making need to be fostered. At present, the proactive measures meant for long-term sustainable development (e.g. enhancing the resilience of the agroecosystems to climatic extreme events) are less envisioned, lagging behind the reactive actions that are taken at times of crises (e.g. compensations for agricultural losses due to drought) (GWP CEE, 2015) .
At the same time, water pricing could play a significant role for the improvement of irrigation water use. The potential physical scarcity of water (e.g. supply is affected by more variability and uncertainty due to climate change), its connectedness nature and its common pool resource character might interfere with efficient resource allocation and lead to market failures (Livingston, 1995) , e.g. neglecting environmental impacts or underpricing of the resource (Johansson et al., 2002) . Therefore, institutional arrangements have to be set up in order to achieve efficient water use, which means, in an economic sense, to equate the marginal benefits to the costs of the last unit of water used (Johansson et al., 2002) . Supporting efficiency requires policy instruments that foster security and flexibility with regard to water rights and that consider the natural interdependency of water users (Livingston, 1995) .
In this context, the development of a basin-wide irrigation management plan is a way forward to increasing water use efficiency and to sustainable development at large. Therefore, this paper outlines a research framework that advocates transdisciplinary studies, entailing integrative results on Danube Basin's water-food-energy nexus in which irrigation plays a central role, and where water resources governance could be realized by accounting for the spatial interconnectedness and equitable use of shared resources, aspects that are embedded in the European resource policies and strategies as well as UN Sustainable Development Goals.
